During translation initiation in eukaryotes, the small ribosomal subunit binds messenger RNA at the 59 end and scans in the 59 to 39 direction to locate the initiation codon, form the 80S initiation complex and start protein synthesis. This simple, yet intricate, process is guided by multiple initiation factors. Here we determine the structures of three complexes of the small ribosomal subunit that represent distinct steps in mammalian translation initiation. These structures reveal the locations of eIF1, eIF1A, mRNA and initiator transfer RNA bound to the small ribosomal subunit and provide insights into the details of translation initiation specific to eukaryotes. Conformational changes associated with the captured functional states reveal the dynamics of the interactions in the P site of the ribosome. These results have functional implications for the mechanism of mRNA scanning.
In bacteria, translation initiation is controlled by initiation factors IF1, IF2 and IF3 (ref. 1) . In eukaryotes, translation initiation is more complex: multiple initiation factors facilitate the recruitment and scanning of mRNA, selection of initiator tRNA, and the joining of the large and small ribosomal subunits [2] [3] [4] . Eukaryotic initiator tRNA binds specifically to eIF2-GTP, forming a stable ternary complex. The ternary complex forms the 43S pre-initiation complex (PIC) by binding to the small ribosomal subunit (40S). Formation of the 43S PIC is promoted by the eukaryotic initiation factors (eIF) eIF1, eIF1A, eIF3 and eIF5 (ref. 5) . 43S PIC then binds to the capped 59 end of mRNA through eIF4F and eIF3, and scans the mRNA up to the first AUG codon.
The scanning hypothesis (first AUG rule) was proposed over 30 years ago 6 and subsequently refined to reflect that sequences surrounding AUG, particularly at the 23 and 14 positions with respect to the A, are critical for initiation in mammals 7, 8 . Despite widespread acceptance of this model, its molecular mechanism remains unknown 2, 9 . Scanning stops upon AUG recognition, triggering eIF1 dissociation. The release of phosphate from the ternary complex makes this reaction irreversible and promotes dissociation of eIF2-GDP 10, 11 . The 48S PIC that is now formed contains the initiator tRNA base paired with AUG in the P site of the 40S subunit. The subsequent attachment of the large (60S) ribosomal subunit is facilitated by the GTP binding factor eIF5B. eIF5B and eIF1A dissociate from the 40S subunit during or after 80S ribosome assembly, leaving the ribosome primed for elongation 2 .
We have determined the crystal structures of the rabbit 40S subunit in complex with: (1) eIF1 (PIC1); (2) eIF1 and eIF1A (PIC2); and (3) mRNA, tRNA and eIF1A (48S PIC). These structures establish the positions of eIF1, eIF1A, mRNA and tRNA and reveal the architectural principles governing the assembly of the pre-initiation complex on mRNA. Comparison of these structures shows that a conformational rearrangement in the P site and a rotation of the head of the 40S subunit accompany complex assembly. This provides the basis for understanding the functions of eIF1 and eIF1A during scanning.
Crystallization and structure determination
Rabbit 40S ribosomal subunit complexes were crystallized in the P3 1 21 space group and contain one 40S subunit per asymmetric unit ( Fig. 1 and Supplementary Fig. 1 ). Complete data sets were collected to 7.9-9 Å resolution (Supplementary Table 1 ). The 48S PIC was formed by incubating 40S ribosomal subunits with mRNA, non-aminoacylated, in vitro transcribed initiator tRNA (tRNA i ), and human eIF1A and eIF1. Although the presence of eIF1 in the reaction mixture is essential for crystallization, this factor is not seen in the 48S PIC structure. The PIC1 complex was formed by incubating 40S ribosomal subunits with eIF1, and the PIC2 complex was formed by soaking eIF1A in crystals of PIC1 (Methods).
The presence of additional electron densities in the maps allows us to identify the locations of eIF1, eIF1A, tRNA and mRNA unambiguously ( Fig. 1 and Supplementary Fig. 2 ). We provide Escherichia coli nomenclature for ribosomal proteins and rRNA in parentheses. We focus predominantly on the details related to translation initiation, which include the interactions of initiation factors, tRNA and mRNA with the 40S ribosomal subunit and their implications for the mechanistic understanding of the scanning process.
Initiator tRNA in the P site
The P site of the 40S subunit contains a binding pocket, occupied by the anticodon stem-loop (ASL) of tRNA i . This pocket is formed by the 18S rRNA helices h28, h44 of the body, h24 of the platform, h28, h29, h30, h31 of the head domains and by three ribosomal proteins (rpS) located in the head of 40S subunit: rpS15 (19) , rpS16(9) and rpS18(13) ( Fig. 2 and Supplementary Fig. 7 ). The regions of tRNA i that interact with rRNA are similar to those seen for the P site tRNA bound to the 70S ribosome 12, 13 . However, the rRNA is arranged differently in the tRNA i binding pockets of PIC1, PIC2 and 48S PIC, reflecting the differences between the scanning-competent (PIC1, PIC2) and scanning-incompetent (48S PIC) conformations. Movement of the tRNA i towards the E site is blocked in the 48S PIC by helices h24 and h29, which contact the ASL from the platform and head side of the 40S subunit, respectively ( Supplementary Fig. 3 ). The position of h29 is different in the PIC1 and PIC2 structures compared to that in 48S PIC, and allows the P-site-bound tRNA to move towards the E site ( Fig. 2b) . The corresponding region of h29 has shifted ,4 Å towards the E site in PIC1 and ,2 Å in PIC2. The binding of tRNA i on the opposite side of the pocket in the 48S PIC might be stabilized by the carboxy terminus of rpS15 (19) and by the amino-terminal tail (NTT) of eIF1A, as shown by the presence of additional electron density near the ASL of the tRNA i in the corresponding map ( Supplementary Fig. 4 ). The suggested orientation of the C terminus of rpS15 (19) in the 48S PIC can explain the crosslink reported between rabbit rpS15 (19) and the 14 position on mRNA in the 48S complex 14 . Positioning of the NTT of eIF1A near the ASL of tRNA i in 48S PIC is consistent with biochemical data demonstrating that NTT contributes to eIF1A binding to the 40S subunit 15 and may interact with the ASL 16 . The NTT of eIF1A remains unstructured in PIC2. We propose that the architecture of the P site in PIC1 and PIC2 represents the scanning-competent conformation of the 40S subunit, with tRNA i in the P out mode 2 . In contrast, the P site in 48S PIC represents a scanning-incompetent conformation of the 40S subunit, with the ASL of tRNA i in P in mode: locked in position by base pairing with AUG and interactions with the binding pocket, possibly with rpS15 (19) and the NTT of eIF1A (refs 2, 17) . This position of tRNA i is similar to the P/I state in the bacterial 30S initiation complex 18, 19 ( Supplementary Fig. 6 ).
Rearrangements of the P site in the PICs are accompanied by a 3u clockwise rotation of the head of the 40S subunit after the binding of eIF1A to PIC1, and an additional 3u upon formation of the 48S PIC. Rotations of the head shift part of the tRNA i binding pocket towards the A site by ,2 Å with each rotation. At the same time, h28, which comprises the neck that connects the head and body of the 40S subunit, does not change its position ( Fig. 2b and Supplementary Fig. 5 ).
The role of h28 as a pivot point for head rotation suggests that mutations in the neck affect rotation of the head and repress the conformational rearrangements of the P site that are required during scanning. This probably explains the leaky scanning phenotype seen in mutational studies of h28 in the yeast 18S rRNA 20 .
The mRNA channel and the mRNA path
The electron density map of the 48S PIC reveals the position of the mRNA on the 40S subunit from nucleotides 26 to 17 (Fig. 3a ). Its conformation does not have the sharp kink between the A and P site codons that is seen in the bacterial 70S ribosomal complexes. This kink allows the simultaneous pairing of the A and P site tRNA anticodons with the mRNA 21 (Fig. 3a) , which defines the reading frame and prevents slippage of the mRNA 13 . The conformation of the mRNA in the scanning complex should promote the slippage of mRNA. eIF1A assists the slippage of the 40S subunit along the mRNA by occupying the A site, which prevents possible interactions between tRNAs and mRNA that might otherwise fix the mRNA on the ribosome ( Fig. 3a and Supplementary Fig. 7 ).
The mRNA path in the 48S PIC is similar to that in 70S ribosomal complexes 14, 22 . Eukaryote-specific features are localized in the mRNA channel near nucleotides 23 and 14, which are the most sensitive positions in the consensus sequence around the initiation codon, and 
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also upstream of the E site, because eukaryotes lack the Shine-Dalgarno sequence (SD) 22, 23 . Two ribosomal proteins, rpS26e and rpS28e, which do not have homologues in eubacteria are present in these regions. rpS26e has an a-helix (C74-V83) that is located ,5 Å away from positions 24 and 23 on the mRNA as well as from h28 (Fig. 3b ). This helix may change the orientation of the 23 nucleotide during scanning, thus affecting its interaction with the a-subunit of eIF2, implicated in the discrimination of the AUG context at position 23 (ref. 14) . Although rpS26e is bound to the platform of the 40S subunit, its N terminus interacts with the neck of the 40S subunit, possibly facilitating communication between position 23 on the mRNA, the head domain and the platform.
mRNA position 26 is located in the vicinity of rpS28e. This region of mRNA is of particular interest because it is involved in the SD interaction in prokaryotes and modulates translation initiation on non-AUG initiation codons in eukaryotes 24 . The C terminus of rpS28e contains three conserved arginine residues, located ,7 Å from nucleotide 26, which may interact with it ( Fig. 3b ). We suggest that these eukaryotespecific interactions may stabilize the position of mRNA during initiation. The initiation codon and nucleotide 14 are located in a gorge formed by the top of h44 ( Fig. 3a and Supplementary Fig. 7 ). We propose that nucleotides 1697(1401) and 1820(1494) of h44 of 18S rRNA, together with the NTT of eIF1A, modulate the orientation of nucleotide 14 of the mRNA, which may pause mRNA sliding during scanning (Fig. 3a) . This pause would allow the AUG codon or ASL of tRNA i to be accommodated for codon-anticodon base pairing. The presence of electron density attributed to the NTT of eIF1A in the 48S PIC (Supplementary Fig. 4 ) indicates that upon base pairing with the initiation codon, the NTT might stabilize the P in conformation of the tRNA i 17 by interacting with the mRNA's 14 nucleotide and/or with the ASL of tRNA i (Fig. 2 and Supplementary Fig. 7 ).
Initiation factor eIF1A and the latch
The universally conserved eIF1A stimulates binding of the ternary complex to the 40S subunit and is involved in the scanning and selection of the initiation codon 2 . Its bacterial orthologue IF1 is bound to the A site of the 30S ribosomal subunit, where it sterically prevents the binding of tRNA 25 . The location of the binding site of eIF1A on the 40S ribosomal subunit was previously mapped to the A site 16 . An NMR structure of eIF1A revealed that its main domain has an oligonucleotide/oligosaccharide binding fold that is similar to IF1, an additional C-terminal subdomain with two a-helices, and long unstructured N-and C-terminal tails (CTT) 26 . Whereas the CTT is required for stringent AUG selection by promoting the scanning-competent conformation of the initiation complex, mutations in the NTT suppress the elevated level of UUG initiation 15, 27 .
Electron density maps of 48S PIC and PIC2 show clear density for eIF1A ( Fig. 1) 26 . Whereas the CTT of eIF1A remains disordered, the NTT is partially visible in the 48S PIC. The additional density in the difference map (F o 2 F c ) of the 48S PIC can be attributed to the NTT of eIF1A. In this case, it is located 7-8 Å from nucleotide 14 of the mRNA and the ASL of the tRNA i ( Fig. 2 and Supplementary Fig. 4 ). eIF1A binds to the 40S subunit at the top of h44, which forms a part of the intersubunit bridge B2a (ref. 28) , and to h18 of the 18S rRNA through its oligonucleotide/oligosaccharide binding domain, similar to that of IF1 (ref. 25) . eIF1A interacts with the N terminus of rpS30e and with rpS23(12) ( Fig. 2a and Supplementary Fig. 7 ). This position of eIF1A ensures that the A site on the 40S subunit remains inaccessible to tRNAs during initiation.
eIF1A forms a bridge between the head and the body of the 40S subunit through its helical subdomain (PIC2 and 48S PIC) and NTT (48S PIC) (Figs 2a and 4) . These eukaryote-specific interactions are consistent with hydroxyl radical cleavage experiments 16 . Bridging together the head and the body of the 40S subunit ensures the closure of the mRNA channel around the A site, which promotes scanning of the mRNA.
The 'latch' of mRNA entry channel remains closed in the structures of all three PICs presented (Fig. 4a ). It is formed by interactions between h18 of the body with h34 and ribosomal protein rpS3(3) of the head, which clamp around the incoming mRNA 29, 30 . It was proposed that the closed conformation of the latch is a feature of ribosomes in the active conformation, which ''provides a geometry that guarantees processivity and ensures maximum fidelity'' 30 . We propose that closure of the latch is necessary for the scanning function of the 40S ribosomal subunit. Closing of the latch and eIF1A binding alter the environment of the mRNA binding channel and ensure that the mRNA remains unstructured, correctly oriented for scanning and free to move towards the exit.
The closed conformation of the latch in our structure of PIC2 is different from the open conformation of the latch in the cryo-electron microscopy reconstruction of yeast 40S subunit complex with eIF1 and eIF1A (ref. 29) . It is possible that eIF3 may be involved in the latch opening in mammals, because unlike in yeast, eIF3 is required for ternary complex to bind to the 40S subunit. The latch closure might be influenced by crystallization, although the crystal packing does not affect rotation of the head domain of the 40S subunit. Furthermore, the latch could sample different conformational states during initiation. The open conformation of the latch allows direct loading of the mRNA in the mRNA binding channel, instead of threading it through a tunnel 29 . We propose that the cryo-electron microscopy structure of the yeast 40S subunit with bound eIF1 and eIF1A represents the mRNA binding state of the ribosome, whereas the rabbit PIC2 represents its scanning mode. eIF1 is poised to destabilize tRNA i binding eIF1 is a functional homologue of the bacterial IF3 (refs 31, 32) . During scanning, eIF1 allows proofreading and sensing a nonoptimal context of AUG codons, while promoting the dissociation of aberrantly assembled complexes 33, 34 . eIF1 binds to the top of h44 and to helices h24 and h45 of the 18S rRNA in the vicinity of the P site (Figs 1 and 4b) , consistent with previously published studies 31, 35, 36 . The region of interaction between eIF1 and 18S rRNA consists of the intersubunit bridge B2a and part of the bridge B2b (ref. 28 ). Superposition of the 48S PIC onto PIC1 and PIC2 reveals moderate sterical clashes between eIF1 and tRNA i , as was predicted earlier by comparison of structures of 40S subunit complex with eIF1 from Tetrahymena thermophila and bacterial 70S ribosomal complexes 35 . The basic loop of eIF1 (R38-K42) in both PIC1 and PIC2 is positioned between the ASL of tRNA i and nucleotides 1821-1823(1495-1497) of h44, which stabilizes the interaction between AUG and the anticodon in the P site of the 48S PIC. This results in steric clashes between the basic loop of eIF1 and the ASL of tRNA i and between the region around residues P77-G80 of eIF1 and the D stem of tRNA i (Fig. 4b ). 
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It has been proposed that eIF1 modulates recognition of the start codon by restricting tRNA i binding to AUG only in an optimal context 33, 34 . Fluorescent resonance energy transfer experiments (FRET) with eIF1 and eIF1A demonstrated that AUG recognition triggers the dissociation of eIF1 from 48S PIC, which allows the release of the phosphate (P i ) from the eIF2-GDP-P i complex 10, 11 . Our data provide an explanation by revealing that eIF1 spatially interferes with the adjustment of the ASL of the initiator tRNA in the P site during scanning. Establishing the interaction between the AUG codon and the anticodon results in locking of the P site tRNA, which can prevent the basic loop of eIF1 from re-entering the P site. Kinetic experiments show that the dissociation constant of eIF1 from the 40S subunit is around 1.4 nM in the presence of the ternary complex, whereas the high affinity of the ternary complex to the 40S subunit results from base pairing with mRNA 11, 29 . This affinity is low when no mRNA is bound to the 40S subunit or when only one nucleotide in the P site is base paired. It is increased with the ability of the initiator tRNA to base pair with two nucleotides and becomes very strong upon base pairing with the AUG (dissociation constant (K d ) , 1 nM) 11, 37 . At this point, upon the correct codon-anticodon base pairing eIF1 cannot compete with the ASL of tRNA i for the P site and must dissociate.
The basic loop of eIF1 is located within 5 Å of h44 and 10 Å of the 14 position on mRNA (Fig. 4b) . That may allow eIF1 to 'inspect' the important region downstream of AUG. The same region of h44 undergoes small conformational changes upon formation of 48S PIC, which can weaken its interaction with eIF1 and contribute to the dissociation of eIF1 from the 40S subunit. Consequently, our structures of rabbit PICs provide mechanistic insights into the current model of eukaryotic translation initiation.
Scanning model
The observed conformations of the pre-initiation complexes described in this study together with previous biochemical data 2 allow us to propose a model for scanning. Briefly, the mRNA slides through the tunnel, formed by the body and the head of the 40S subunit (the latch), eIF1A and eIF1. The tunnel ensures scanning processivity by keeping the mRNA unstructured and properly oriented for the 'inspection' of the nucleotide sequence in the P site by tRNA i . The tRNA i 'inspects' or scans the mRNA by attempting to establish Watson-Crick base pairing between its anticodon and a nucleotide triplet of mRNA moving through the P site. The tRNA i is in the P out state because the orientation of the head domain of the 40S subunit allows a minor movement of the tRNA i to avoid a steric clash with eIF1. The affinity of the basic loop of eIF1 to the P site is sufficient to displace the ASL of tRNA i and prevent the locking of the tRNA i in the P site ( Fig. 5) .
When the AUG codon is in the P site it becomes base paired with all three nucleotides of the anticodon of the tRNA i , thereby stabilizing the conformation of the tRNA i while allowing it to displace the basic loop of eIF1. Subsequent rotation of the head domain locks tRNA i in the P in state and completes the scanning (Fig. 5 ). The transition from P out to P in mode of tRNA i is probably promoted by the C terminus of rpS15 (19) and the NTT of eIF1A (ref. 17) , which together might stabilize the base-paired conformation of tRNA i in the P site. In addition, a similar effect may be caused by the interactions of the nucleotide 14 on the mRNA with h44, eIF1A and eIF1, and the nucleotide 23 with h23, rpS5 (7) and rpS26e. The dissociation of eIF1 and eIF2 from the 40S subunit results in a stable 48S PIC similar to the one observed in this study. eIF5B then binds to this complex and orients the acceptor stem of tRNA i towards the P site on the 60S subunit to facilitate subunit joining in a manner that is similar to its bacterial analogue IF2 ( Supplementary Fig. 6 ).
Conformational changes in the P site may affect the interaction of eIF1with the top of h44 to which it binds. This probably provides synchronization between the rotations of the head domain of the 40S subunit, which rearrange the P site, and the presence of eIF1 on the ribosome. Interaction of eIF1A with h44 may cause the same effect and explain the cooperative binding of eIF1A and eIF1 to the 40S subunit 29, 38 . Future high-resolution structures of the 40S ribosomal subunit complexes with the initiation factors, mRNA and tRNA, coupled with biochemical studies, are needed to refine and complete the model presented here.
METHODS SUMMARY
40S ribosomal subunits were purified from rabbit reticulocyte lysate. Phases for calculating the electron density maps were determined by molecular replacement using as a search model the structure of the 40S subunit from the human 80S ribosome ( Supplementary Tables 1-3 
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